Boradiazaindacene dyes were converted into phenylethynyl-BODIPY oligomers via a cycle of reactions, notably including Sonogashira couplings. As expected, as the number, n, of repeating units increases, peak absorption and emission wavelengths are shifted to the red end of the visible spectrum, albeit with smaller increments as n increases. Decyl groups help to keep the solubility remarkably high, and in addition to being very bright red-emitting fluorophores, their rigid rod-like structures could allow their use as functional building blocks.
As evidenced by the number of recent reviews, 1 there has been increased interest in the derivatization of BODIPY dyes 2 and their applications 3 in recent years. Part of this interest is focused on finding novel strategies 2a,b,e,4,5 to push the absorption and emission wavelengths further into the red. The parent dye is a green-emitting fluorophore, comparable to fluorescein; however, with structural modifications, the chromophore can be transformed into a red-to near-IRemitting dye.
In this report, we disclose our attempts to shift the dye's working range of wavelengths into red, by extending the conjugation on the 2,6-axis through iterative Sonogashira couplings, yielding the first examples of oligomeric BODIPY dyes. The synthesis plan is shown in Scheme 1. From the very start, we realized that as the BODIPY chain is extended, solubility is likely to become an issue. † We placed two decyloxy functions on the meso-phenyl group of the BODIPY dyes. Thus, our synthetic work starts with the preparation of 3,5-didecyloxybenzaldehyde in analogy to the literature. 6 Then, the BODIPY dye 2 was obtained following a rather routine procedure for the synthesis of this class of dyes. 1,4-Diethynylbenzene 3 and the mono-TMS-protected form of it (4) are important intermediates. The BODIPY dye 2 can be iodinated at the electron-rich positions 2 and 6 using an I 2 /HIO 3 iodination procedure, 7 and both monoiodinated (5) and diiodinated (6) products can be obtained in satisfactory yields by adjusting the dye to iodination reagent ratio (or the reaction time). 2-Iodo-BODIPY dye 5 was then subjected to Sonogashira coupling conditions (Pd(Ph 3 )Cl 2 and CuI catalysis) and coupled to mono-TMS-protected 1,4-diethynylbenzene (4). The removal of the TMS protection yielded another useful intermediate, 8. 2,6-Diiodo derivative (6) when subjected to coupling with this intermediate results in the dimeric BODIPY derivative 9 where one iodo substituent is still present. Tweaking with the reaction conditions, result in the double coupling product which is the compound 13. The chain was further extended by reacting the intermediate compound 9 with mono-TMS-protected 1,4-diethynylbenzene, followed by deprotection, to yield another intermediate species 11. At this point, we had the parent dye 2 (n ) 0) and the triBODIPY 13 (n ) 2) already at hand. The other members of the oligomeric BODIPY series were obtained as follows, all through Sonogashira couplings: 1,4-diethynylbenzene with monoiodoBODIPY 5 yielded the diBO-DIPY 12 (n ) 1), and with the intermediate 9, the tetraBODIPY 14 (n ) 3). Finally, the last member of the Absorption spectra of the dyes in chloroform solutions were in accord with our expectations with a notable exception of compound 13. As n was varied from 0 to 4, there was a red shift of 120 nm. However, with each addition of the repeating units, the additional red shifts becomes smaller: 0 to 1, +48 nm; 1 to 2, +28 nm; 2 to 3, +18 nm. The peak position is practically unchanged for the dyes corresponding to n ) 3 (14) and n ) 4 (15). The absorbance peak due to compound 13 has a very peculiar shape and highly broadened. The peak is clearly the sum of two distinct peaks, which are most likely the results of Davydov (exciton) splitting of the excited states. As judged by the magnitude of fwhm values (Table 1) , similar excitonic interactions might be in effect in the other members of the series (12, 14, and 15), but only in 13 do the two peaks have approximately equal heights. This phenomenon, which is a manifestion of dipole coupling of the chromophores, is quite common in multichromophoric systems 11 and is not limited to crystalline or aggregate states, as many examples in dilute solutions have been reported. 12 Further work on this matter is warranted for a better understanding of excitonic interactions in this series. Normalized emission spectra (Figure 2) show an expected trend, n ) 0 emits at 520 nm, and the final member of the series emits at 640 nm. Quantum yields and extinction coefficients were also determined ( Table 1) . As a result of the rigidity of the phenylethynyl framework in these compounds, quantum yields remain high even at longer wavelength emission compounds.
It is also worth mentioning that the Stokes shifts of the new fluorophores vary in the range of 27 to 42 nm, which is significantly larger than that of a standard BODIPY dye, which is typically less than 10 nm.
We expect these dyes to become valuable additions to the growing arsenal of red-emitting dyes, especially useful in biological applications. In addition, the rigid 3D structure of the phenylethynyl chromophores confer additional value to these dyes as potential building blocks in the construction of functional supramolecular assemblies. In fact, very recently, a polymeric material incorporating BODIPY units was reported 13 to show interesting self-assembly properties. All of the dyes we reported have two open positions for further functionalization through electrophilic aromatic substitution of pyrrole moieties of the terminal BODIPYs. Further work with these rigid oligomers is expected to yield interesting applications in electrochromic devices and functional self-assembled systems.
